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Abstract

Cataract is a major cause of visual dysfunction and the leading cause of blindness. Elevated levels
of cadmium and lead have been found in the lenses of cataract patients, suggesting these metals
may play a role in cataract risk. This study aimed to examine the associations of blood lead, blood
cadmium and urinary cadmium with cataract risk. We identified 9,763 individuals aged 50 years
and older with blood lead and cadmium levels, and a randomly selected subgroup of 3,175
individuals with available urinary cadmium levels, from the National Health and Nutrition
Examination Surveys (NHANES) from 1999 to 2008 (mean age=63 years). Participants were
considered to have cataract if they self-reported prior cataract surgery in NHANES’s vision
examination. Odds ratios (ORs) and 95% confidence intervals (CIs) were computed using survey
logistic regression models. We identified 1737 cataract surgery cases (the weighted
prevalence=14.1%). With adjustment for age, race/ethnicity, gender, education, diabetes mellitus,
body mass index, cigarette smoking (serum cotinine and pack-years) and urine hydration, every 2-
fold increase in urinary cadmium was associated with a 23% higher risk of cataract surgery
(OR=1.23, 95% CI: 1.04, 1.46, p =0.021). We found no associations of cataract surgery with blood
cadmium (OR=0.97, 95% CI: 0.89, 1.07) and blood lead (OR=0.97, 95% CI: 0.88, 1.06).
Mediation analysis showed that for the smoking-cadmium-cataract pathway, the ratio of smoking’s
indirect effect to the total effect through cadmium was more than 50%. These results suggest that
cumulative cadmium exposure may be an important under-recognized risk factor for cataract.
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However, these findings should be interpreted with a caution because of inconsistent results
between urinary cadmium and blood cadmium.
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Introduction

Cataract is one of the major causes of visual impairment and the leading cause of blindness.
Approximately 10.8 million people worldwide had cataract-induced vision loss in 2010
(Bourne et al., 2013). The prevalence of cataract in the United States in 2010 was 17% in
people aged 40 years or older and more than 50% in people aged 70 years or older
(Friedman et al., 2012). The physiopathology of cataract is not fully understood (Bobrow et
al., 2015). It is believed that oxidative stress may initiate cataract formation through
modification of lens epithelium: the excessive generation of reactive molecules can cause
oxidative damage to functional DNA, proteins and lipids in lens cells, overwhelm the
antioxidant defense system (such as superoxide dismutase, catalase, lipid peroxidases),
impair DNA repair mechanisms, enhance apoptosis of lens epithelial cells, and induces
protein and lipid aggregation in lens (Spector, 1995; Truscott, 2005; Thiagarajan and
Manikandan, 2013; Manayi et al., 2015; Phaniendra et al., 2015; Babizhayev, 2011; Bobrow
et al., 2015). Previous studies reported that concentrations of serum anti-oxidative enzymes
and products of oxidative stress were relevant to the risk of cataract, although the association
might vary across different subtypes (Beebe et al., 2010; Chang et al., 2013; Cui et al., 2013;
Thiagarajan and Manikandan, 2013; Zoric et al., 2008).

Exposure to heavy metals, such as lead and cadmium, can lead to oxidative stress through
depletion of glutathione and thiol pool and inhibition of the antioxidant defense systems
(Ercal et al., 2001; Jomova and Valko, 2011; Valko et al., 2016). Several studies found
elevated levels of lens lead and cadmium in patients who suffered cataract, especially among
smokers (Cekic, 1998; Harding, 1995; Mosad et al., 2010; Racz and Erddhelyi, 1988;
Ramakrishnan et al., 1995). One study reported cadmium might induce cell death in human
lens epithelial cells (Kalariya et al., 2010). Few epidemiologic studies have examined the
association of cataract with lead or cadmium. Only one study reported an association
between cumulative lead exposure (measured by bone lead levels) and cataract in a subset of
642 male participants from the Normative Aging Study (NAS) (Schaumberg et al., 2004).
Potential associations between heavy metals and other age-related eye diseases such as age-
related macular degeneration (AMD) have also been reported (Erie et al., 2009). Recently,
several studies using national survey data from the United States (Wu et al., 2014) and Korea
(Hwang et al., 2015; Kim et al., 2014; Park et al., 2015) reported a positive association
between blood or urinary cadmium and blood lead and AMD. Another small scale case-
control study involving 12 patients also showed a positive association between cadmium
levels in agueous humor and AMD (Jinemann et al., 2013). However, we are unaware of
previous epidemiologic studies evaluating the association between cadmium exposure and
cataract and could find no reference to it on PubMed, although previous studies have
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suggested that cigarette smoking, one of the major sources of cadmium exposure, is strongly
associated with cataract (Kelly et al., 2005; Ye et al., 2012).

In this study, our primary goal is to assess the associations of lead and cadmium exposure
with cataract among adults aged 50 years and older using data from the 1999-2008 National
Health and Nutrition Examination Survey (NHANES). Furthermore, we evaluated the
potential mediation effect of cadmium on the smoking-cataract pathway.

Study Population

This study was based on NHANES, a national program of cross-sectional studies designed
to analyze the physical status of the U.S. general population. Each cycle of NHANES is a
cross-sectional survey. Each cycle is independent and includes different US representative
samples. Survey protocols were approved by the National Center for Health Statistics
Research Ethics Review Board, and all participants have provided written informed consent.
Since cataract usually occurs in older population (young-onset cataracts are more likely to
be non-age-related), we limited our study to 12781 participants aged 50 and older, from
cycle 1999-2000 to cycle 2007-2008. Among these subjects we excluded 1522 individuals
with missing value in blood lead or blood cadmium, and 667 subjects lacking cataract
surgery information. After additional exclusion of subjects missing important covariates
such as educational level, body mass index (BMI), history of diabetes, pack-years of
cigarette smoking, and serum cotinine, 9763 individuals remained in our final dataset for
analysis of blood lead and blood cadmium.

By design, urinary cadmium was only assessed in one-third of the NHANES sample,
randomly selected from all eligible participants. We identified 3175 individuals aged 50 and
older as the study population for analysis of urinary cadmium. Population characteristics are
almost identical between two study groups.

Cataract Identification

Participants aged 12 years and older were asked whether they have had eye surgery for
cataracts, before undertaking detailed vision examination, according to the NHANES’
Vision Procedures Manual (US Dept of Health and Human Services, 2005). Because an
increasing rate and lower threshold of cataract surgery in U.S.,(Bobrow et al., 2015;
Lundstrém et al., 2015) self-reported cataract surgery may roughly represent the existence of
clinically significant cataract. This method was used in a previous study (Zhang et al., 2012).
Participants who answered “yes” were considered as cataract cases. Those who were
completely blind or had severe eye infection were excluded.

Blood Lead, Blood Cadmium and Urinary Cadmium Measurements

Blood lead and blood cadmium were measured at the Division of Laboratory Sciences,
National Center for Environmental Health, the Centers for Disease Control and Prevention
by a simultaneous multi-element atomic absorption spectrometer (SIMAA 6000;
PerkinElmer, Norwalk, CT) with Zeeman background correction in NHANES 1999-2002
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and by an inductive coupled plasma mass spectrometry (ICP-MS) (ELAN 6100;
PerkinElmer, Shelton, CT) in NHANES 2003-2008. Urinary cadmium was measured by
ICP-MS (ELAN 6100; PerkinElmer, Shelton, CT) in all NHANES cycles. A detailed
protocol can be found in the NHANES Laboratory/Medical Technologist Procedures
Manual (LPM) (US Dept of Health and Human Services; Hyattsville, MD, 2005). The lower
detection limit for blood cadmium was 0.20 ug/L and for urinary cadmium was 0.04 pg/L in
NHANES 1999-2008. The lower detection limits for blood lead were 0.30 pg/dL in
NHANES 1999-2004, 0.25 pg/dL and 0.30 pg/dL in NAHNES 2005-06 and 0.25 pg/dL in
NHANES 2007-08. Values below the detection limits were divided by the square root of
two. Among the total 9763 observations with blood cadmium and lead levels, 644 (6.60%)
and 7 (0.07%) were below the detection limits; among the 3175 subset with urinary
cadmium levels, 59 (1.86%) were below the detection limits.

Urinary lead data was available in the NHANES cycles used in the present study but was not
included in our analysis. Urinary lead is not considered a reliable biomarker for total body
burden: it mainly secondarily reflects lead level in blood and soft tissues and bone, and even
such reflection is still unreliable due to a large variation within and between individuals
(Sommar et al., 2014).

Other Covariates

Socio-demographic variables such as age (year), gender (male/female), race/ethnicity (Non-
Hispanic White, Mexican American, Non-Hispanic Black and other) and educational level
(<high school, high school, some college and above) were obtained using computer-assisted
personal interview methods. BMI was calculated as weight in kilograms divided by height in
meters squared (kg/m?2). Diabetes status (self-reported diagnosis or have taken insulin/
diabetic pills, yes/no) was included since previous studies reported association between
diabetes mellitus and cataracts (Thompson and Lakhani, 2015). Since cataract was highly
related to smoking habits (Kelly et al., 2005; Ye et al., 2012), we included two smoking
variables: pack-years of cigarettes and serum cotinine levels (ng/dL); the former indicates
direct smoking amounts, whereas the latter indicates amounts of both direct and second-
hand smoking (Lindsay et al., 2014). Urinary creatinine (mg/dL) was added to adjust for
urine dilution in the urinary cadmium models. Since previous literature also suggested an
association between cataract and antioxidant vitamin intakes (Cui et al., 2013), which may
be associated with heavy metal body burdens (Mosad et al., 2010), we further included daily
intake of vitamin A (mg), vitamin C (mg) and vitamin E (mg) by calculating the sum of
dietary and supplement intakes in a sensitivity analysis.

Statistical Analysis

We used SAS 9.2 (SAS Institute Inc., Cary, NC. USA) and R 3.2.2 (https://www.r-
project.org/) for all statistical analyses. All p-values for significance were 2-tailed (P<0.05).
We combined 5 two-year cycles of NHANES dataset (1999-2008) for analysis. According
to NHANES Analytic and Reporting Guidelines (Johnson et al., 2013), we calculated new
sample weights for all 9763 observations to reduce sampling bias, by using the mobile
examination center (MEC) exam weight (WTMEC2YR) for blood lead and blood cadmium.
We also computed new sample weights for 3175 observations in the urinary cadmium
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subsample, by using the Heavy Metal Subsample 2 Year MEC Weight (WTSHM2YR, used
in 1999-2002) and MEC weights of subsample A (WTSA2YR, used in 2003-2008). We
compared characteristics of study participants by cataract status using survey t-tests for
continuous variables and Rao-Scott chi-square tests for categorical variables. Because pack-
years of cigarettes, urinary creatinine and metal concentrations were highly skewed, we
computed median and interquartile range (IQR) or survey-weighted geometric means and
95% confidence intervals (Cls).

We used survey-weighted logistic regression models to examine the association between
heavy metal exposures and the risk of cataract surgery. Models controlling for different
confounders were fit based on the diagram (Fig 1): Model A controlled for age, gender, race/
ethnicity, educational level (C1); Model B further controlled for diabetes status and BMI
(C2); Model C further controlled for smoking variables (pack-years and serum cotining). In
order to correct for the dilution rate on the measurement of urinary cadmium, we applied
two methods: covariate-adjustment method (CA) which adjusts for confounding causal
pathways involving creatinine and disease (Barr et al., 2005; Schisterman et al., 2005); and a
new method called “covariate-adjusted standardization plus covariate adjustment (CAS
+CA)” which further adjusts for potential measurement error by hydration that is
independent of covariates (O’Brien et al., 2016). In addition to adding creatinine as a
covariate (CA method), we fitted a model using risk factors (age, gender, race/ethnicity, BMI

and diabetes) to get predicted urinary creatinine level (U/C\r) then divided the observed
urinary cadmium level by the ratio of observed and fitted creatinine to get a standardized
exposure value (O’Brien et al., 2016). Compared with traditional CA method, the CAS+CA
method provided a better estimation on the association between urinary chemicals and
health outcomes (O’Brien et al., 2016). Since blood lead, blood cadmium and urinary
cadmium levels are highly right skewed, we log-transformed all three exposures and
computed odds ratios (ORs) and 95% Cls per 2-fold increase in each metal variable. We
tested for effect modification by population characteristics (age, gender, race/ethnicity, and
pack-years of cigarette) by adding an interaction term between continuous metal variable
and each covariate into Model C.

For the mediation analysis of cadmium’s effect on the smoking-cataract pathway, we used
categorized pack-years of cigarettes as exposure, log-transformed urinary cadmium as
continuous mediator, and cataract surgery as binary outcome (Fig 1). Since there are several
confounders and potential interactions in the model, we adopted formulas from Valeri and
VanderWeele’s causal inference approach (Valeri and Vanderweele, 2013) to analyze the
mediation effect of cadmium (Appendix). Valeri and VanderWeele’s causal inference
approach for mediation analysis adapts counterfactual framework, allows clear separation of
direct and indirect effects, regardless of interactions or nonlinearities, and is applicable even
when confounders are present (Valeri and Vanderweele, 2013). We computed ORs of natural
direct effect, natural indirect effect and total effect, and the proportion mediated values.
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The descriptive characteristics were similar between two study groups of blood lead/
cadmium and urinary cadmium (Table 1 and Supplement Table 1). The mean age of
participants was 63.2 (SE=0.2) years in the blood biomarker sample; individuals who had
cataract surgery were older than those without cataract surgery (74.1 vs. 61.4 years). The
urinary subsample had almost identical age distribution (mean age=63.3 (SE=0.2) years;
mean age of the ever had cataract surgery vs. never: 74.2 years vs. 61.4 years). Of all 9763
participants, 4887 (53.3%) were females, 5650 (80.3%) were non-Hispanic white, 2358
(26.7%) had high school diploma and 4043 (51.4%) had at least some college degree, and
1774 (14.0%) had history of diabetes (Table 1). The mean BMI was 28.8 (SE = 0.1) kg/m?.
Proportions of non-smokers (pack-years=0) and heavy smokers (pack-years=20) were 48.2
and 27.0, respectively. The geometric mean of serum cotinine was 0.24 ng/dL (95% ClI:
0.21, 0.28). The geometric means of blood lead, blood cadmium and urinary cadmium were
1.94 ug/dL (95% ClI: 1.90, 1.99), 0.45 ug/L (95% CI: 0.43, 0.46), and 0.34 ug/L (95% CI:
0.32, 0.36), respectively. The survey weighted prevalence of cataract surgery was 14.1%
(1,737 out of 9,763). Participants who had cataract surgery were statistically significantly
older, non-Hispanic whites, female, less educated, more likely to have diabetes, smoked
more, and had lower BMI. They had higher levels of blood lead, blood cadmium and urinary
cadmium. Distributions of blood lead and cadmium by population characteristics were
similar between the entire sample and the urinary cadmium subsample (data not shown).
Levels of blood lead, blood cadmium, and urinary cadmium were significantly higher in
those who were older, and less educated, and who smoked more (data not shown). There
were moderate correlations among blood lead, blood cadmium and urinary cadmium
(Spearman’s correlation coefficients: 0.22-0.46, P<0.001).

In logistic regression analyses, only urinary cadmium was associated with the risk of
cataract surgery (Table 2). In the fully-adjusted model with adjustment for age, race/
ethnicity, gender, education, diabetes status, BMI, and cigarette smoking (Model C), when
using a traditional CA method for dilution adjustment, the OR per 2-fold increase in urinary
cadmium was 1.26 (95% CI: 1.04, 1.53, p-value=0.021)); CAS+CA method did provided
similar result (OR: 1.23, 95% ClI: 1.04, 1.46, p-value=0.021). Further adjustment for
antioxidant vitamins did not change the association (data not shown). We found no
associations of cataract surgery with blood cadmium (OR=0.97, 95% ClI: 0.89, 1.07) and
blood lead (OR=0.97, 95% CI: 0.88, 1.06). Smoking, age, race/ethnicity and gender did not
modify the association between urinary cadmium and cataract surgery; neither did blood
lead and blood cadmium (data not shown).

In the mediation analysis, for the total effect among those with <20 pack-years of cigarette
smoking (OR=1.28), the natural direct and natural indirect effects (ORs) were 1.13 and 1.14,
and the proportion mediated through cadmium was 54% (Table 3). For the total effect
among those with >20 pack-years (OR=1.65), the natural direct and indirect effects were
1.28 and 1.29, and the proportion mediated through cadmium was 57%.
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Discussion

Our study shows a possible link between long-term cadmium exposure and the risk of
cataract surgery. In this large cross-sectional data with 5 cycles of NHANES, urinary
cadmium was significantly associated with prevalent cataract surgery. However, there were
no significant associations of blood cadmium and blood lead with cataract surgery. The
mediation analysis suggested that in the smoking-cadmium-cataract association, more than
50% of the total effect of smoking on the risk of cataract is indirectly affected through
cadmium.

A significant association was observed with urinary but not blood cadmium. One possible
reason is that urinary cadmium is more relevant to cumulative cadmium exposure. Although
the etiology is still unclear, age-related cataract may be more strongly related to long-term
exposures. Since approximately 50% of the accumulated cadmium is stored in the kidney,
urinary cadmium is widely used as a surrogate for cumulative cadmium exposure, which
reflects the body cadmium load (Adams and Newcomb, 2014; Faroon et al., 2012; Jérup,
2002; Jarup and Akesson, 2009; Johri et al., 2010). However, a recent commentary suggests
that low-level urinary cadmium is largely affected by factors other than cumulative cadmium
exposure, such as recent cadmium intake and kidney function; the assumption that urinary
cadmium is an indicator of cumulative cadmium life-burden is now being doubted (Bernard,
2016). To reduce such an impact, we conducted not only a conventional approach that
includes urinary creatinine as a covariate in the models but also a CAS+CA(O’Brien et al.,
2016), and the results were robust. We also conducted a sensitivity analysis excluding
participants with chronic kidney disease but the results were consistent (data not shown).

On the other hand, although both blood cadmium and urinary cadmium may serve as
biomarkers of cumulative exposure in the general population with low-level exposure (Jarup
et al., 1998), a general understanding is that urinary cadmium reflects long-term exposure
whereas blood cadmium reflects more recent exposure (Jarup and Akesson, 2009; Lauwerys
et al., 1994). A recent study examining NHANES data reported that blood cadmium
explained about 30% of the variation in urinary cadmium (Adams and Newcomb, 2014).
The authors suggested that urinary cadmium is a more appropriate biomarker if chronic
diseases with long latency are examined. Several previous studies have also reported
inconsistent associations between blood cadmium and urinary cadmium (Ali et al., 2014;
Buser et al., 2016). Given that cataract is a chronic disease with long latency, weaker
associations found with blood cadmium in our study may be due to non-differential
measurement error which may lead the observed associations toward the null (Tellez-Plaza
etal., 2012).

In our study, we considered two smoking variables: pack-years of cigarettes as an indicator
of cumulative smoking, and serum cotinine as an indicator of short-term first- and second-
hand smoke. Interestingly, individuals with cataract surgery had lower serum cotinine
concentrations than those without cataract surgery (Table 1). This seems to be because
individuals who had cataract surgery are more likely to have stopped smoking in the past
(the proportions of former and current smokers between individuals with and without
cataract surgery: 43.7% and 9.6% vs. 35.3% and 17.0%, respectively. Table 1). We also
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found a significant positive marginal association of cataract surgery with pack-years but not
with serum cotinine (data not shown). This also suggests that short-term biomarkers such as
blood cadmium and serum cotinine may not be sensitive enough to capture risk of chronic
diseases including cataract.

Histologically, the human lens is formed by a single layer of epithelial cells and layers of
lens cells which compact centrally; new lens cells are formed externally to the older cells,
then gradually stretch and lose organelles and move centrally (Thompson and Lakhani,
2015). One potential biological mechanism of cadmium-induced cataract is that toxic free
cadmium ion (Cd2*) may be accumulated in the mitochondria of lens cells, disrupt the
respiratory chain, and generate reactive oxygen species (ROS) (Wang et al., 2004);
intracellular Cd?* may also accelerate the degeneration of organelles, which could
theoretically lead to the lens cells becoming more susceptible to photo-oxidative effects
(Thompson and Lakhani, 2015). Such oxidative damage could result in cataract. Cd2* could
directly affect DNA structure and gene expression (Johri et al., 2010), and interrupt the
production of cellular proteins, which may reduce the transparency of lens cells. Through
long-term cumulative cadmium exposure, the intracellular structure of lens cells could be
damaged, consequently resulting in cataract formation.

Our study calculated natural direct and indirect effect of cadmium on smoking-cataract
relationship by Valeri and VanderWeele’s causal inference approach. The finding suggests
that cadmium could be a mediator on the causal pathway between smoking and cataract. In
the smoking-cadmium-cataract pathway, the ratio of smoking’s natural indirect effect to the
total effect was more than 50%. Previous studies reported that one who smokes 20 cigarettes
per day may absorb roughly 1 ug cadmium daily by lung (Jarup and Akesson, 2009).
Although other pathogenic components of cigarettes may also cause cataract, cadmium
could be a major inducer of cataract in cigarette smokers. A previous mediation analysis
reported that cadmium plays a major role in the smoking-telomere-length association, which
is consistent with our result, and taken together implies that cadmium might be a major toxin
in cigarettes (Zota et al., 2015).

The present study found no association between blood lead and cataract surgery. Blood lead
reflects recent exposure rather than cumulative exposure since its half-life is only about 1
month (Hu et al., 2007). Bone lead, which is the majority of lead body burden and has a
half-life of decades, might be a better biomarker of cumulative lead exposure (Hu et al.,
2007). Schaumberg et al. found a significant positive association of cataract with bone lead
level (especially tibia lead level) among men aged 60 and older in a subset of the Normative
Aging Study, but no association with blood lead (Schaumberg et al., 2004). Although our
results showed no association between blood lead and cataract surgery, it does not rule out
that cumulative low-dose lead exposure has an effect on cataract. Future studies with
cumulative lead assessed by bone lead levels should be warranted to determine the role of
lead in cataract risk.

Although our study benefits from a large sample size and nationally representative study
population, a number of limitations deserve consideration. A primary limitation relates to
the cross-sectional nature of the study data and the corresponding limitations as regards the
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temporality of exposure and cataract development. The methodology of NHANES’ Vision
Examination also fails to identify those with prevalent cataract but no cataract surgery,
which may underestimate the prevalence. Additionally, NHANES’ Vision Examination did
not provide either the age at onset or the subtype of cataract (nuclear, cortical, posterior
subcapsular), and the etiology and risk factors for each subtype may differ (Beebe et al.,
2010; Zoric et al., 2008). Given that ROS and related oxidative stress is a primary
underlying biological mechanism behind cadmium-related cataract risk and oxidative stress
is more relevant to the etiology of nuclear cataract (Beebe et al., 2010; Zoric et al., 2008),
subtype-specific analyses may provide more accurate cadmium effects.

We did not consider radiation exposure in our analysis because the radiation exposure
information was not available in NHANES. Radiation exposure (especially ultraviolet B
(UVB) through sunlight) is an important risk factor for cataract (Asbell et al., 2005; Bobrow
et al., 2015). However, if radiation exposure is not related to lead or cadmium exposure, it is
not a confounder of the association between lead/cadmium and cataract surgery and
therefore, it is not necessarily adjusted for in regression models. In the general population
examined in our study, we believe that outdoor sunlight exposure which depends on
individual behaviors and climate conditions may not be related to environmental exposure to
lead and cadmium. There might be some participants whose occupations are related to both
lead or cadmium and radiation exposures but the number of such participants might be very
small, and therefore the likelihood that the observed findings are due to confounding by
radiation is low. However, we cannot rule out that the observed association between urinary
cadmium and cataract surgery is due to unmeasured confounding.

According to Bourne et al.’s review (2013), cataract has caused 33% of blindness globally,
which represents more than 10 million people (Bourne et al., 2013). Since cataract is highly
associated with aging (Thompson and Lakhani, 2015), with life expectancy increasing,
higher numbers of people with cataract will continue to pressure the healthcare
infrastructure: not only does it decrease individuals’ life quality, but also brings huge burden
for society by creating a larger sight-disabled population, especially in developing countries.
Reduction or delay in cataract formation by even 10 years was once estimated to cut the
burden of need for surgery by nearly ¥ (Vision research, 1983). In order to prevent the
disease, relevant research on etiology of cataract is needed. If modifiable risk factors for
cataract can be identified and exposure to them reduced, it may be possible to impact the
societal burden that cataract imposes. Our findings suggest that cadmium exposure could be
one such risk factor. The main source of non-occupational cadmium exposure is tobacco
smoking and food (Satarug et al., 2010; Satarug and Moore, 2004). Although the evidence is
sufficient, the public awareness of smoking-related ocular risks is relatively low compared
with other diseases (Bidwell et al., 2005; Handa et al., 2011; Ng et al., 2010); education of
such knowledge could help tobacco control (Asfar et al., 2015). Previous studies reported
that the “smoking causes blindness” label on cigarette packages used in Australian anti-
smoking campaign did increase the smoker’s awareness of risk of blindness, and prompt
them to quit smoking (Kennedy et al., 2012; Li et al., 2012). Continued efforts at reduction
of cigarette smoking seem warranted. Dietary source of cadmium exposure, such as
cadmium-aggregated animals and plants, and cadmium-contaminated water are also of
concern (Jarup, 2002).
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In summary, the present study identified a significant increase in risk of cataract surgery
associated with higher urinary cadmium exposure, and further analyses suggested that over
50% of the increased risk of cataract surgery from cigarette smoking may be due to
increased cadmium exposure. However, with the discrepancy between blood cadmium and
urinary cadmium, our study finding should be interpreted with a caution and further
investigations are still required. Taken together with the Surgeon General’s finding that
smoking causes cataract (Office of the Surgeon General (US) and Office on Smoking and
Health (US), 2004), we think the current findings provide an impetus for renewed public
health efforts to achieve reductions in cigarette smoking, which could have a major impact
on the enormous global economic burden imposed by cataract.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Adapting Valeri and VanderWeele’s causal inference approach for mediation analysis(Valeri
and Vanderweele, 2013), when the outcome cataract status is binary and mediator urinary
cadmium is continuous, the outcome can be modeled by logistic regression (1), and the
mediator can be modeled via linear regression (2). Odds Ratios representing Natural Direct
Effect (NDE) and Natural Indirect Effect (NIE) can be calculated using parameters derived
from regression (1) and (2). Since we found no significant interaction in our study, & for the
mediated interaction term was 0. (& pack-year category for comparison; & : reference pack-
year = 0; /7. urinary cadmium level; ¢ confounders; o2: variance of the error term in
regression for the mediator).

logit { P (cataract=1|a, m, ¢) } =0p+0; a+02m~+03am~+0"jc (1)

E {cadmium|a, ¢} ZBO“rﬁla"’ﬁéc )

log{ORNDE} = {91—1—03 (60—0—61 a*—i—ﬁfgc—l—%og)} (a — a*)+0.50%0% (a® — a*?)
log { ORNIE} =(028:+05B1a) (a — a¥)

Total Effect=NDE x NIE
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NDE x (NIE — 1)
(NDE x NIE — 1)

proportion Mediated=
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@

Figure 1.
Diagram of smoking-cadmium-cataract pathway. C1: exposure-outcome confounders; C2:

mediator-outcome confounders. C1 includes age, gender, race/ethnicity, educational level,
C2 includes BMI and diabetes status.
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Survey-weighted characteristics of study participants by cataract status, NHANES, 1999-2008.

Table 1

Ever had cataract operation

Characteristics total samples Yes No P-valueP
Total sample, N (%) 9763 (100) 1737 (14.1) 8026 (85.9)
Age, years 63.2+0.2 741+0.3 61.4+0.2 <.001
Female, n (%) 4887 (53.3) 947 (61.7) 3940 (51.9) <.001
Race/ethnicity, n (%)
Non-Hispanic White 5640 (80.3) 1221 (85.8) 4419 (79.3) <.001
Mexican American 1675 (3.9) 196 (2.3) 1479 (4.1)
Non-Hispanic Black 1667 (8.1) 203 (5.9) 1464 (8.5)
Other 781 (7.8) 117 (6.0) 664 (8.0)
Education, n (%)
<high school 3362 (21.9) 690 (31.0) 2672 (20.4) <.001
High school 2358 (26.7) 420 (27.5) 1938 (26.5)
Some college+ 4043 (51.4) 627 (41.5) 3416 (53.1)
Diabetes, n (%) 1774 (14.0) 421 (22.1) 1353 (12.7) <.001
Body mass index, kg/m?2 28.8+0.1 28.1+0.2 28.9+0.1 <.001
Pack-years, n (%)
0 4758 (48.2) 843 (47.6) 3915 (48.3) 0.006
>0 and <20 2481 (24.7) 376 (21.7) 2105 (25.2)
220 2524 (27.0) 518 (30.7) 2006 (26.4)
Smoking status, n (%)
Non-smoker 4694 (47.5) 826 (46.7) 3868 (47.7) <.001
Former smoker 3605 (36.5) 746 (43.7) 2859 (35.3)
Current smoker 1464 (16.0) 165 (9.6) 1299 (17.0)
Serum cotinine, ng/dLé 0.24(0.21,0.28) 0.12(0.10,0.14) 0.27(0.22,0.32)  <.001
Blood lead, pg/dLé 1.94(1.90,1.99) 2.05(1.98,2.13) 193(1.88,1.97)  <.001
Blood cadmium, ug/La  045(0.43,046) 0.48(0.46,0.49) 044 (0.43,046) <001
Urinary sub-sample, N (%) 3175 (100) 587 (14.6) 2588 (85.4)
Blood lead, ug/dL@ 197 (1.92,2.03) 2.10(1.96,2.24) 1.95(1.90,2.01)  0.041
Blood cadmium, ug/L? 0.45(0.43,0.46) 051(0.48,054) 0.44(0.42,045) <001
Urinary cadmium, ug/Lé 034 (0.32,0.36)  0.40(0.36,0.43) 0.33(0.31,035) <001
81.3(78.4,84.4) 75.2(69.6,81.2) 825(79.1,86.0) <001

Urinary creatinine, mg/dL?

a . ] . .
Geometric mean (95% confidence interval) is presented because of skewness

b . . . . .
P-value based on t-tests for continuous variables and Rao-Scott Chi-squared tests for categorical variables.

CSI conversion factors: To convert blood cadmium to nmol/L, multiply values by 8.896.
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Odds Ratios (95% Confidence Intervals) of Cataract Operation History by blood lead, blood cadmium and

urinary cadmium concentrations

Blood lead (n = 9763) # cases/all Model A2 Model BP Model C€
OR per 2-fold change in exposure 1737/9763  0.95(0.87,1.04) 1.00(0.92,1.09) 0.97 (0.88, 1.06)
P-value 0.30 0.99 0.47
Blood cadmium (n = 9763)

OR per 2-fold change in exposure 1737/9763  1.02 (0.95,1.10) 1.06 (0.99, 1.15) 0.97 (0.89, 1.07)
P-value 0.52 0.11 .56
Urinary cadmium (n = 3175)

UCr-unadjusted d

OR per 2-fold change in exposure 587/3175 1.18(1.05,1.32) 1.18(1.05,1.33) 1.14(0.99, 1.30)
P-value 0.008 0.006 0.068
Covariate-adjusted €

OR per 2-fold change in exposure 587/3175  1.31(1.13,151) 1.33(1.14,1.55) 1.26(1.04,1.53)
P-value <.001 <.001 0.021
Covariate-adjusted standardization plus covariate adjustment f

OR per 2-fold change in exposure 587/3175  1.29(1.13,1.47) 1.31(1.15,1.49) 1.23(1.04,1.46)

P-value

<.001

<.001

0.021

aModeI A: adjusted for age, race, gender, educational level.
bModeI B: further adjusted for DM, BMI.
cModeI C: further adjusted for serum cotinine, categories of pack-year.

dUrinary cadmium (UCd) models without adjusted for creatinine: logit[Pr(cataract)]=a + B x UCd + & x W. W is the above covariates adjusted in
different models.

eCA methods: logit[Pr(cataract)]=a +p x UCd +A x UCr+ & x W.

T ASHCA methods: 10git [Pr (cataract)] =a+/3 X [UCd/ (UCr/U/C\r)} +A x UCr+0 x W
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Table 3

Mediation analysis of cadmium effect on the smoking-cataract pathway by using causal inference approach?.

Smoking Status ORNDE  ORNIE  Total Effect Proportion Mediated
<20 pack-years vs. non-smokers 1.13 1.14 1.28 0.54
220 pack-years vs. non-smokers 1.28 1.29 1.65 0.57
Ever smoker vs. non-smoker 1.20 1.21 1.45 0.55

aNDE: Natural Direct Effect; NIE: Natural Indirect Effect; Total Effect: combination of Natural Direct and Indirect Effect; Proportion Mediated:
the Proportion of NIE in Total Effect (see Appendix for details). Calculation based on Model C using CAS+CA method.
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